Abstract. Borrelia burgdorferi is transmitted in an enzootic cycle in Colorado between the tick Ixodes spinipalpis and the woodrat Neotoma mexicana. The genetic relationship of Colorado isolates to other B. burgdorferi isolates is unknown nor have relationships among various Colorado isolates been determined. Portions of the flagellin (fla), 66-kD protein, and outer surface protein A (ospA) genes were amplified from 71 Colorado isolates, screened for genetic variability using single strand conformation polymorphism analysis, and unique alleles were sequenced. Colorado isolates were most similar to tick isolates from California and New York isolate 25015. Genetic distances among Colorado ospA sequences were the same or higher than distances among other isolates whereas distances among fla sequences tended to be the same or lower. The index of association (I A ) was calculated among all loci as a measure of clonality. The I A among Colorado isolates was similar to I A previously estimated among other United States isolates.
Borrelia burgdorferi sensu lato is a genetically diverse species complex consisting of four genospecies. [1] [2] [3] [4] [5] [6] A genospecies is a bacterial subspecies defined by degree of DNA relatedness as assessed by nucleotide sequence data or DNA-DNA reassociation. Three of these genospecies, B. burgdorferi ss, B. garinii, and B. afzelii, cause Lyme disease and related disorders in humans and are distributed throughout Europe and Eurasia. Borrelia japonica, the fourth genospecies, appears to be nonpathogenic and is restricted to rodents and ticks in Asia. 2, 5 Borrelia burgdorferi ss is maintained in a diversity of enzootic cycles in the United States involving ticks of the genus Ixodes and rodent or lagomorph reservoirs. [7] [8] [9] [10] In California where indigenous cases of Lyme disease occur, Ixodes pacificus acts as a vector of B. burgdorferi to humans 11 and is maintained in enzootic cycles primarily involving the dusky-footed wood rat (Neotoma fucipes). 7, 12 In Colorado, it was recently discovered that B. burgdorferi exists in an enzootic cycle maintained by Ixodes spinipalpis and the Mexican wood rat (Neotoma mexicana). 10 No known indigenous cases of Lyme disease occur in the foothills of Colorado due in large part to xeric conditions that restrict I. spinipalpis to a nidicolous existence making zoonotic transmission of B. burgdorferi improbable. 10 We analyzed 71 Colorado B. burgdorferi isolates or genes amplified from infected ticks and found three flagellin (fla) alleles, seven outer surface protein A (ospA) alleles, and seven alleles of the 66-kD protein (p66). 13 Colorado isolates were identified phylogenetically as B. burgdorferi ss. We demonstrated large difference in the frequencies and diversity of alleles in cultured spirochetes as compared with those that were amplified from infected ticks. This observation suggested that culturing in Barbour-Stoenner-Kelley-H (BSK)-H medium selects for specific B. burgdorferi genotypes in Colorado and may underestimate the diversity of genotypes in this and potentially other enzootic cycles. Of greater concern, these results suggest the possibility that the prevalence of B. burgdorferi may be underestimated in certain enzootic cycles in the United States if they also involve genotypes that cannot be cultured. The primary goal of this study was to perform a phylogenetic analysis of each of the alleles at the three loci to estimate the relationship of Colorado isolates relative to other B. burgdorferi ss isolates. In addition, we compare genetic diversity among Colorado isolates relative to the diversity among other B. burgdorferi isolates. The rate with which selection can act on a set of organisms is proportional to the genetic variance among those organisms. 14 Specifically, the selection observed earlier 13 may be limited to Colorado if there is greater genetic diversity among Colorado isolates than isolates in other endemic. Alternatively, genotype selection in BSK-H medium culture may be a general phenomenon if genetic diversity among Colorado isolates is less than diversity among isolates from other regions endemic for Lyme disease. Clonality is another useful measure of genetic diversity and indicates the frequency with which identical multilocus genotypes appear in samples from natural populations. If there is little genetic exchange among isolates and low levels of recombination occur, then a particular set of alleles will repeatedly appear in samples. Alternatively, gene exchange, recombination, and high mutation rates will result in a very low frequency of identical multilocus genotypes in samples from natural populations. The index of association (I A ) 15, 16 is a useful measure of clonality and has been estimated among B. burgdorferi ss isolates from throughout the United States that have been characterized using multilocus enzyme electrophoresis. 17 The I A was estimated among Colorado isolates for comparison.
MATERIALS AND METHODS
Strain and DNA isolation. Genes were amplified either from cultured B. burgdorferi (n ϭ 47) or from infected ticks (n ϭ 24). Samples of cultured B. burgdorferi were obtained by externally disinfecting a tick that had been removed from N. mexicana sampled from the field 10 and homogenizing it in BSK-H culture medium (Sigma Chemical Co., St. Louis). This was incubated at 34ЊC and examined weekly for four weeks by darkfield microscopy for spirochetes. 10 Primary cultures were passed to fresh medium and allowed to grow for 6-8 days. The resulting passage 1 cultures were mixed with glycerol (30% final concentration) and frozen in 1 ml portions at Ϫ70ЊC. The DNA was isolated from infected I. spinipalpis using a hexadecyltrimethylammonium bromide isolation procedure. 18 Polymerase chain reaction (PCR), single strand conformation polymorphism (SSCP) analysis, and DNA sequencing. The primers, buffers, and thermal cycling conditions for the PCR amplification of all three genes were previously described. 13 Amplification of the chromosomal fla fragment used outer and inner primer sets to amplify nucleotides encoding amino acids 101-229. 19 Borrelia burgdorferi-specific primers amplified the region of the p66 gene encoding amino acids 243-320. [20] [21] [22] The amplified region of the plasmid-encoded ospA gene encodes amino acids 74-188. 23 The PCR products at each locus were screened for unique alleles with SSCP analysis. 24 When possible, two individuals of each unique allele were selected for sequencing to ensure accurate identification of alleles and test the sensitivity and specificity of this analysis. Direct cycle sequencing was completed on amplified DNA from all samples. 25 The oligonucleotides used in the PCR were also used as primers for sequencing. The sensitivity of the SSCP analyses in detecting all point mutations in each gene was 100% as were the specificities of the SSCP patterns. 13 Sequence alignments and phylogenetic analysis. Sequences were manually read from autoradiographs using SeqAid II 3.6 26 and initially machine aligned using CLUS-TALV. 27 Sequences were translated to ensure correct nucleotide alignment according to published amino acid sequences. Published sequences were obtained from GenBank. Strain names, GenBank accession numbers, and information on host and geographic origin of each strain analyzed are listed by gene and species in Table 1 . GenBank accession numbers for Colorado B. burgdorferi are U96234-9 for fla, U96253-65 for ospA, and U96240-52 for p66. The sequences of other B. burgdorferi sl isolates were included in the alignments as outgroups in the phylogenetic analyses.
Maximum likelihood, maximum parsimony, and distance/ neighbor-joining methods were used in phylogenetic analyses of all genes using PAUP 4.0v54 for DOS. 28 HasegawaKishino-Yano assumptions were applied in construction of maximum likelihood trees. 29 Tamura and Nei genetic distances were estimated among isolates 30 because the number and types of nucleotide substitutions were unequal within and between the three genes. Distance trees were derived using neighbor-joining analysis 31 with 1,000 bootstrap replications. Maximum parsimony and bootstrap analyses with 1,000 replications were performed to test support for the derived phylogenies. Taxon order in the dataset can influence tree topology in parsimony analyses. 32 Ten replications were performed on each gene dataset using random ordering of isolates to avoid bias arising from taxon order. The decay index is the number of additional character changes required to collapse a particular branch and was calculated as the difference in the overall length of constrained and unconstrained trees. Constrained tree lengths were estimated using the CONSTRAINTS option in PAUP.
Analysis of genetic distances. Tamura and Nei genetic distances were computed between pairs of sequences 30 with the program MEGA. 33 An average distance among isolates was calculated for each gene in each of seven groups. Mean distances and 99% confidence intervals were calculated among all isolates of 1) B. burgdorferi sl, 2) B. burgdorferi ss, 3) B. burgdorferi ss outside Colorado, 4) Colorado B. burgdorferi ss 5) B. afzelii, 6) B. garinii, and 7) B. japonica.
Analysis of clonality. The I A 15, 16 was calculated as a measure of clonality in Colorado B. burgdorferi collections. It is calculated as I A ϭ (V OBS /V EXP ) Ϫ 1. If K is the number of loci at which a pair of isolates have different alleles, then V OBS is the observed variance in K among all pairs of isolates. If p ij is the frequency of the ith allele at the jth locus and hj ϭ 1 Ϫ ⌺p ij 2 then h j is the probability that two isolates will have different alleles at the jth locus and the expected value of K is ⌺h j . If the alleles at different loci are in linkage equilibrium, the variance of K is V EXP ϭ ⌺h j (1 Ϫ h j ). Estimation of I A was completed using ETLINK, a computer program written by T. S. Whittam (Figures 1-3 III cluster together in a weakly supported clade. Allele II was sequenced twice: one allele originating from isolate IS13, the other amplified directly from an infected tick (sp19) and the sequences were identical. There were 12 nucleotide substitutions among the three alleles. Non-synonymous substitutions in alleles and strains are listed in Table 2 .
RESULTS

Phylogenetic relationships. Phylogenetic analysis of all three genes supports placement of Colorado B. burgdorferi isolates within lineages of B. burgdorferi ss
Analysis of ospA (Figure 2 ) also provides strong support for the placement of the Colorado samples into a monophyletic group with strain 25015. There were 53 nucleotide substitutions among all B. burgdorferi ss isolates and 18 of these were non-synonymous (Table 2 ). Colorado B. burgdorferi and strain 25015 differed from all other B. burgdorferi ss isolates at 14 of the 18 non-synonymous sites (Table 2) . Alleles I, II, and IV-VI were sequenced twice. In each case the sequences were identical. There were 29 substitutions among Colorado isolates and four of these were non-synonymous (Table 2) .
Few p66 sequences were available for comparison with Colorado isolates (Figure 3) . Therefore, genetic diversity among outgroups was restricted to two other B. burgdorferi sl species. There were 31 nucleotide substitutions among the B. burgdorferi ss isolates, five of which were non-synonymous (Table 2) . Colorado isolates fell into two clades. There was strong support for a clade consisting of alleles I, V, and VI. Allele VII clusters with isolates JD1 and B31. Alleles I, III, V, and VI were sequenced twice. Sequence pairs were identical for each allele.
Within group genetic distances. Average genetic distances among isolates within B. burgdorferi sl species are shown by gene in Figure 4 . In general, within species genetic distances were similar in all B. burgdorferi sl species. Average distances among ospA genes were greater among Colorado isolates than among isolates of B. burgdorferi ss in other United States collections. In contrast, genetic distances among fla genes were lowest among Colorado isolates. Insufficient data exist on p66 to evaluate within species distances relative to other species.
Clonality. The mean Ϯ SEM value of I A for pair-wise comparisons was 1.78 Ϯ 0.15. Only 16 of the possible 147 (3 ϫ 7 ϫ 7) different three-way allele combinations were observed ( Table 3) . Eleven of these combinations were observed in single samples. 34 Vaccination with recombinant OspA from a prototypical B. burgdorferi ss strain (N40) did not confer immunity to strain 25015. 35 The divergence of isolate 25015 from all other eastern North American tick, rodent, and clinical isolates suggests that this strain is rare or maintained in an isolated enzootic cycle.
A previous examination of 21 geographically diverse B. burgdorferi isolates demonstrated that the California isolates DN127 and CA55 represent new, unique, genotypes as determined by chromosomal restriction endonuclease cleavage. 36 Furthermore, genomic macrorestriction analysis and phylogenetic analysis of 23S rDNA and ospA gene sequences placed 170 North American B. burgdorferi isolates into two groups. 37 One group included representatives of the B31 division. The other group was represented by isolates related to 25015. The similarity of the fla sequence in Colorado isolates with fla sequences from DN127, CA55, and 25015 and the extreme similarity of the Colorado and 25015 ospA genes suggests Colorado isolates belong in the 25015 cluster. This suggests the intriguing possibility that B. burgdorferi strains that are maintained in enzootic cycles may be genetically distinct from strains that are involved in zoonotic transmission. However, this inference needs to be tested by examination of the ospA and p66 genes in DN127 and CA55.
The mean Ϯ SEM I A calculated among Colorado B. burgdorferi ss isolates (1.78 Ϯ 0.15) is only slightly smaller than the I A value estimated for B. burgdorferi ss isolates from throughout the United States using multilocus enzyme electrophoresis data (I A ϭ 2.1). 17 This suggests a clonal population structure for Colorado B. burgdorferi, similar to that found among B. burgdorferi ss isolates elsewhere in the United States. 34 Genetic distances among the ospA genes were greater among Colorado isolates than among other U.S. isolates. In contrast, genetic distances among fla genes were least among Colorado isolates. Examination of branch lengths in Figures 1 and 2 indicates a similar pattern. Thus, no definitive conclusions can be made regarding the overall genetic diversity of Colorado isolates. One explanation for this discrepancy is that few other studies have used a similar protocol to sample genes from B. burgdorferi from infected ticks and non-human hosts. Many of the sequences in Table  1 arose from human isolates. We observed that culturing in BSK-H medium reduces the number and diversity of ospA and fla alleles. 13 Thus, it is possible that the lower genetic diversity in B. burgdorferi ss isolates outside Colorado reflects biased sampling of isolates that had already been subject to selection in BSK-H medium. However, biased sampling fails to explain the lower diversity among fla alleles in Colorado isolates. Another problem in comparing genetic diversity in our study is that very few isolates of B. burgdorferi ss (e.g., B31, JD1, 25015) in Table 1 have been analyzed for more than one gene. It is therefore not possible to determine if similar discrepancies in genetic variation in the two genes exist in other isolates.
The results of the present study provide no reason to believe that genotype selection in BSK-H medium is a phenomenon confined to Colorado isolates and, in fact, predict that similar results will be obtained in other enzootic cycles in the United States. These results therefore warn of the possibility that detection of spirochetes in BSK-H medium may underestimate the prevalence of B. burgdorferi in certain geographic regions of the United States, and possibly Europe. This will be especially true if these regions depend upon culture in BSK-H medium for diagnosis of B. burgdorferi and contain genotypes that cannot be cultured.
